Purkinje Cell-Specific Knockout of the Protein Phosphatase PP2B Impairs Potentiation and Cerebellar Motor Learning  by Schonewille, M. et al.
Neuron
ArticlePurkinje Cell-Specific Knockout of the Protein
Phosphatase PP2B Impairs Potentiation and
Cerebellar Motor Learning
M. Schonewille,1,4 A. Belmeguenai,1,2,4 S.K. Koekkoek,1,4 S.H. Houtman,1,4 H.J. Boele,1 B.J. van Beugen,1 Z. Gao,1
A. Badura,1 G. Ohtsuki,1,5 W.E. Amerika,1 E. Hosy,1,6 F.E. Hoebeek,1 Y. Elgersma,1 C. Hansel,1,5,* and C.I. De Zeeuw1,3,*
1Department of Neuroscience, Erasmus MC, 3000 DR Rotterdam, The Netherlands
2Laboratoire de Physiologie Inte´grative Cellulaire et Mole´culaire, Universite´ Claude Bernard Lyon, 69622 Villeurbanne Cedex, France
3Netherlands Institute for Neuroscience, Royal Academy of Sciences (KNAW), Meibergdreef 47, 1105 BA Amsterdam, The Netherlands
4These authors contributed equally to this work
5Present address: Department of Neurobiology, University of Chicago, Chicago, IL 60637, USA
6Present address: Physiologie cellulaire de la synapse, Institut des Neurosciences de Bordeaux, 33077 Bordeaux ce´dex, France
*Correspondence: chansel@bsd.uchicago.edu (C.H.), c.dezeeuw@erasmusmc.nl (C.I.D.Z.)
DOI 10.1016/j.neuron.2010.07.009SUMMARY
Cerebellar motor learning is required to obtain
procedural skills. Studies have provided supportive
evidence for a potential role of kinase-mediated
long-term depression (LTD) at the parallel fiber to
Purkinje cell synapse in cerebellar learning. Recently,
phosphatases have been implicated in the induction
of potentiation of Purkinje cell activities in vitro, but it
remains to be shownwhether and how phosphatase-
mediated potentiation contributes to motor learning.
Here, we investigated its possible role by creating
and testing a Purkinje cell-specific knockout of
calcium/calmodulin-activated protein-phosphatase-
2B (L7-PP2B). The selective deletion of PP2B indeed
abolished postsynaptic long-term potentiation in
Purkinje cells and their ability to increase their excit-
ability, whereas LTD was unaffected. The mutants
showed impaired ‘‘gain-decrease’’ and ‘‘gain-in-
crease’’ adaptation of their vestibulo-ocular reflex
(VOR) as well as impaired acquisition of classical
delay conditioning of their eyeblink response. Thus,
our data indicate that PP2B may indeed mediate
potentiation in Purkinje cells and contribute promi-
nently to cerebellar motor learning.
INTRODUCTION
At excitatory synapses onto hippocampal or neocortical
neurons, protein phosphatases are required for postsynaptic
LTD induction, whereas kinases are required for postsynaptic
LTP induction (Lisman and Zhabotinsky, 2001; Mulkey et al.,
1993). In these regions, protein phosphatase 1 (PP1), the activity
state of which is indirectly controlled by calcium/calmodulin-
activated protein phosphatase 2B (calcineurin or PP2B), has
been suggested to act in concert with the a isoform of618 Neuron 67, 618–628, August 26, 2010 ª2010 Elsevier Inc.calcium/calmodulin-dependent kinase II (aCaMKII) to provide a
molecular switch regulating the phosphorylation state of AMPA
receptors (Lisman and Zhabotinsky, 2001; Malleret et al.,
2001). In contrast, at cerebellar PF synapses onto Purkinje cells
LTD induction is PKCa (Leitges et al., 2004), cGKI (Feil et al.,
2003) and a/bCaMKII dependent (Hansel et al., 2006; van Woer-
den et al., 2009), whereas LTP requires the activation of PP1,
PP2A, and calcineurin (Belmeguenai and Hansel, 2005). Interest-
ingly, changes in LTD and LTP induction can be associated
with changes in intrinsic excitability in the hippocampus and
cerebellum (Armano et al., 2000; Lu et al., 2000), and calcineurin
has indeed been associated differentially with changes in
intrinsic excitability in pyramidal cells and Purkinje cells (Misonou
et al., 2004). Thus, cerebellar Purkinje cells operate in general
inversely to their hippocampal counterparts in that downstream
kinase and phosphatase activity can push the balance toward
LTD and LTP, respectively (Coesmans et al., 2004; Jo¨rntell and
Hansel, 2006), even though the activity of these enzymes them-
selves can be regulated by proteins of the opposite category
upstream (Eto et al., 2002; Launey et al., 2004).
Over the past decades, attempts to determine the cellular
mechanisms underlying cerebellar motor learning have focused
virtually exclusively on the impact of LTD (Aiba et al., 1994;
De Zeeuw et al., 1998; De Zeeuw and Yeo, 2005; Steuber
et al., 2007). Genetic interference with kinase-mediated LTD
induction and/or maintenance in Purkinje cells has been re-
ported to be associated with impaired motor learning such
as defects in VOR gain adaptation or eyeblink conditioning
(Boyden et al., 2006; De Zeeuw et al., 1998; Feil et al., 2003;
Hansel et al., 2006; cf. Welsh et al., 2005). Some of these studies
have encouraged scientists to hypothesize that LTD is specifi-
cally responsible for gain increases in VOR adaptation (Boyden
and Raymond, 2003) and acquisition of conditioned eyeblink
responses (De Zeeuw and Yeo, 2005; Koekkoek et al., 2003)
raising the possibility that potentiation might be responsible for
gain-decrease VOR adaptations and extinction of conditioned
responses (Boyden and Raymond, 2003). However, no trans-
genic mouse mutants have been created yet that allow us to
investigate specifically the possible contribution of potentiation
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Figure 1. The L7-PP2B Mutant: Creation and Morphology
(A) The L7-PP2B mutant mice were created by crossing a floxed calcineurin line with an L7-Cre line.
(B) Calcineurin (B subunit) stainings of the cerebellar cortex confirm the selective deletion of PP2B in Purkinje cells in L7-PP2B mice (n = 4); note the normal
expression of PP2B in the parallel fibers of the molecular layer in which the unstained Purkinje cell dendrites stand out (right panels).
(C) Thionin (upper panel) and Golgi (lower panel) stainings of sagittal sections of the vermis showed no morphological or cytoarchitectural differences between
control (n = 4) and L7-PP2B mice (n = 4) (p > 0.49; t test).
(D) Electron micrographic quantification of parallel fiber contacts with calbindin-stained Purkinje cell dendrites in the molecular layer revealed no significant
differences between control (n = 3) and L7-PP2B mice (n = 3) in PSD length, PSD area, and density of synapses (p > 0.26 for all parameters; t test). Scale
bars indicate 50 mm (upper panels) and 25 mm (lower panels) in (B), 1000 mm (upper panels) and 50 mm (lower panels) in (C), and 200 nm (upper panels) in (D).
Black asterisks indicate parallel fiber terminals, and white asterisks indicate Purkinje cell spines in (D).
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Role of Potentiation in Cerebellar Learningin Purkinje cells. Since calcineurin is required for PF-PC LTP and
increases in intrinsic excitability (Belmeguenai and Hansel, 2005;
and personal communication), this protein forms an ideal molec-
ular target to genetically manipulate potentiation in Purkinje cells
and to investigate a potential role of potentiation in cerebellar
motor learning. Thus, here we created mutant mice (L7-PP2B),
in which calcineurin activity is selectively impaired in Purkinje
cells by crossing floxed CNB1 mice (regulatory subunit of calci-
neurin) (Zeng et al., 2001) with a Purkinje cell-specific (L7-)cre-
line (Barski et al., 2000; Figure 1A), and we subsequently inves-
tigated them at the cell physiological and behavioral level.
RESULTS
L7-PP2B Mice Lack Calcineurin but Show Normal
Histology
Immunocytochemical analysis of the L7-PP2B mice with anti-
bodies directed against the CNB1 subunit showed that calci-neurin is indeed specifically deleted in Purkinje cells (Figure 1B).
Density analyses showed that PP2B staining intensity was
significantly lower in Purkinje cell bodies and primary dendrites
(p = 0.003 and 0.034, respectively; t test), but not in granule
cells or the neuropil of the molecular layer (p > 0.6 for both
parameters). Thionine and Golgi stainings revealed that the
mutation did not affect the foliation of the cerebellar cortex or
the cyto-architecture of Purkinje cells, respectively (Figure 1C).
Moreover, electron microscopic examinations of calbindin-
stained sections of the cerebellar cortex of L7-PP2B mice
showed that the number and size of synaptic inputs from PFs
onto Purkinje cells were not significantly different from those
of littermate controls (p > 0.26 for all parameters, i.e., PSD
length, PSD area, and density of synapses; t test) (Figure 1D).
Moreover, the area covered by the Purkinje cell dendrites as
well as the thickness of the different layers of the cerebellar
cortex was also unaffected (p > 0.49 for both parameters;
t test).Neuron 67, 618–628, August 26, 2010 ª2010 Elsevier Inc. 619
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Figure 2. L7-PP2B Mice Show Impaired Parallel
Fiber-Purkinje Cell Potentiation
(A) Induction of LTP at the parallel fiber to Purkinje cell
synapse was significantly (p < 0.03; t test) impaired in sli-
ces of adult L7-PP2Bmice (eight cells from fivemice) com-
pared with those of controls (seven cells from six mice).
(B) Right, voltage responses (EPSP, average of 20 stimuli
at 1 Hz) and changes in calcium transients (500 ms scans
at 0.05 Hz) during the tetanus were not different (both
p > 0.5; ANOVA for repeated measurements) between
controls (n = 13 and 5, respectively) and L7-PP2B mice
(n = 10 and 5). Left, sample image of parallel fiber stim-
ulation induced Ca2+-signal. Middle, example trace of
PF-stimulation elicited calcium transients (average of 3).
(C) Induction of LTD at the parallel fiber to Purkinje cell
synapse was not affected (p = 0.96; t test) (seven and
nine cells in five mutants and five controls, respectively).
PF-PC LTP was induced by PF stimulation at 1 Hz for
5 min, while LTD was induced by paired PF and CF stim-
ulation at 1 Hz for 5 min. Traces on the left side show
EPSCs before (left) and after (right) induction of plasticity.
See also Figures S1 and S2.
Neuron
Role of Potentiation in Cerebellar LearningL7-PP2B Mice Show Specific Defects in Parallel Fiber
to Purkinje Cell Plasticity
As predicted by our previous pharmacological in vitro studies in
cerebellar rat tissue (Belmeguenai and Hansel, 2005), our cell
physiological examination of 10- to 24-week-old L7-PP2B
mice indeed showed that LTP induction following parallel fiber
stimulation alone was blocked (p = 0.027; t test) (Figure 2A).
In contrast, LTD induction following paired PF and climbing fiber
(CF) stimulation was unaffected in adult L7-PP2B mice (p =
0.96; t test) (Figure 2C). In wild-type littermates, both LTP and
LTD were successfully induced (Figures 2A and 2C). The
inability of L7-PP2B mutants to potentiate their parallel fiber
input did not depend on the temperature, age, or type of induc-
tion protocol, while it could be rescued by the addition of active
PP2B (Figures S1 and S2). Moreover, EPSPs and intracellular
calcium concentrations during the tetanus did not differ
(Figure 2B), arguing against the possibility that these factors
were responsible for the observed deletion of parallel fiber
potentiation.
Climbing Fiber Elimination, Paired-Pulse Ratios,
and Inhibition Are Not Affected in Purkinje Cells
of L7-PP2B Mice
Since the presence or absence of CF activity is critical for the
induction of depression and potentiation in Purkinje cells,
respectively (Coesmans et al., 2004; Lev-Ram et al., 2002), we
also examined whether deletion of calcineurin in Purkinje cells620 Neuron 67, 618–628, August 26, 2010 ª2010 Elsevier Inc.directly affects the developmental elimination
of surplus CF inputs, as previously observed
for mutant mice lacking PKC (De Zeeuw et al.,
1998) or aCaMKII activity (Hansel et al., 2006).
CF elimination in adult L7-PP2B mice (10–
24 weeks), however, appeared normal, and is
therefore unlikely to have affected synaptic
input patterns that could indirectly impair
plasticity in Purkinje cells of L7-PP2B mice(Figure 3A). Likewise, we did not detect differences in the
paired-pulse depression (PPD) ratio at CF synapses and the
paired-pulse facilitation (PPF) ratio at PF synapses, respectively
(Figures 3B and 3C). In fact, even in the presence of NBQX or
lower extracellular calcium the PPF did not differ (Figure 3C).
These findings suggest that the observed effects on plasticity
were postsynaptic, but they don’t allow us to conclude that
presynaptic changes were completely absent. Finally, we found
no differences in frequency, amplitude, rise/decay time, or half-
width of spontaneous IPSCs in Purkinje cells (Figure 3D).
Together, these data suggest that the basic synaptic transmis-
sion of both excitatory and inhibitory inputs to Purkinje cells is
unaffected in L7-PP2B mice.
L7-PP2B Mice Show Defects in Intrinsic Plasticity
of Purkinje Cells
In addition to synaptic parallel fiber potentiation, nonsynaptic
Purkinje cell intrinsic excitability also can be potentiated. This
intrinsic potentiation could be readily induced in wild-types,
but not in the L7-PP2B mutants (p = 0.007; ANOVA for
repeated measurements) (Figure 4A). Notably, we also
observed differences in baseline intrinsic excitability. Linear
fits of the current-frequency curves showed that the slope of
L7-PP2B mice is less steep (p = 0.002; t test) (Figure 4B).
This difference suggests that the cells are less excitable, which
is confirmed by a lower maximum firing frequency (p < 0.001;
t test) (Table S1).
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Figure 3. Climbing Fiber Elimination and
Basal State of Excitatory and Inhibitory
Input to Purkinje Cells Are Unaffected in
L7-PP2B Mutant Mice
(A) All-or-none climbing fiber EPSCs were evoked
at increasing stimulus intensities. Traces show
EPSCs above and below threshold. Climbing
fiber elimination is nearly complete in Purkinje
cells of both controls and L7-PP2B mutants at
10–24 wks (33 cells from 12 control mice; 12 cells
from 4 mutants).
(B and C) We did not detect differences in the
paired-pulse depression (PPD) ratio at CF syn-
apses (B) and the paired-pulse facilitation (PPF)
ratio at PF synapses (C), respectively. PPF ratios
were determined for the indicated stimulus inter-
vals in both wild-type (n = 8) and mutant mice
(n = 5) and no differences were found (p = 0.163;
ANOVA for repeated measurements). PPF ratios
also did not differ in conditions of lower external
calcium (p = 0.213; n = 6 versus 6, control versus
L7-PP2B) or in the presence of NBQX (p = 0.314;
n = 5 versus 8).
(D) Characterization of sIPSCs revealed no
differences in frequency, amplitude, rise time,
half-width, or decay time (all p > 0.34; n = 11 versus
6, control versus L7-PP2B; t test). Sample traces
on the left; error bars indicate SEM.
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Role of Potentiation in Cerebellar LearningA Lack of PP2B Affects Regularity but Not Average
Firing Frequency of Simple Spike Activities In Vivo
To test whether the deficits in PF-PC LTP and plasticity of
intrinsic excitability affect Purkinje cell activity in vivo, we
performed extracellular recordings in awake mice (n = 25 versus
30 for control versus L7-PP2B). Firing frequencies of simple
spikes and complex spikes were both normal (p = 0.94 and
p = 0.54, respectively; t test), but the intersimple spike interval
distribution was sharper with less high-frequency spiking and
concomitant higher regularity in L7-PP2B mutants (Figure 4C).
Thus, the changes in intrinsic excitability and potentiation in
L7-PP2B mice correlate with a loss of high-frequency simple
spike activity, but do not alter the average firing frequency of
Purkinje cells. We therefore conclude that the deficits in potenti-
ation in the L7-PP2Bmicemay selectively affect their spatiotem-
poral firing patterns of simple spike activities.
L7-PP2B Mice Show Defects in Adaptation
of the Vestibulo-Ocular Reflex
In the open field or during footprint analysis, L7-PP2B mice did
not show obvious signs of ataxia (Figure S3). To explore their
specific capabilities for cerebellar motor learning, we first
subjected the mice to compensatory eye-movement tests, in
particular VOR adaptation tests, which are controlled by the ves-
tibulocerebellum (De Zeeuw et al., 1998; Hansel et al., 2006;
Wulff et al., 2009) (Figure 5). Measurements of basic perfor-
mance parameters including the gain (amplitude) and phaseNeuron 67, 618–628(timing) of the optokinetic reflex (OKR)
and/or VOR showed overall that the
motor performance of the L7-PP2B
mutants was moderately, but signifi-cantly, affected (Figures 5B–5D and S4A–S4C). For OKR and
VVOR, the gain values of L7-PP2B mutants were significantly
lower than those wild-type littermates (both OKR and VVOR
p < 0.001; ANOVA for repeated measurements) (Figures 5B
and 5C), while their phase values were significantly lagging those
of the wild-types (OKR p < 0.01; VVOR p < 0.001; ANOVA for
repeated measurements). In contrast, for VOR the gain of
L7-PP2B mutants was significantly greater than that of wild-
type littermates (p < 0.001; ANOVA for repeated measurements)
(Figure 5D), while their phase values were also significantly
lagging those of the wild-types (p < 0.01; ANOVA for repeated
measurements) (Figure S4). The differences among mutants
and wild-types during OKR and VVORwere not caused by differ-
ences in vision itself, because the latencies of the eye movement
responses to the onset of the optokinetic stimuli were unaffected
in the mutants (p = 0.55, ANOVA for repeated measurements)
(Figure S5).
A prominent phenotype of the L7-PP2B mice was observed
when we subjected the animals to the mismatch learning para-
digms. In a 2-day visuovestibular training paradigm aimed at
reducing the gain of the VOR, learning was significantly impaired
in the mutants (Figure 5E) (p < 0.0002 for both days; ANOVA for
repeated measurements). In the opposite training paradigm,
which was aimed at increasing the gain, the gain values of the
mutants even showed a decrease (Figure 5F; comparison
among mutants and controls p < 0.000001 for both days,
ANOVA for repeated measurements). Control experiments, August 26, 2010 ª2010 Elsevier Inc. 621
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Figure 4. Intrinsic Excitability and Spiking Activity
in L7-PP2B Mice
(A) Following tetanization (150–300 pA at 5 Hz for 3 s), the
spike rate evoked with 550 ms depolarizing current pulses
of 100–200 pA increased in wild-types (n = 9), but not in the
L7-PP2B mutants (n = 16; p = 0.007; ANOVA for repeated
measurements) (Figure 4A). Right, sample traces before
and after induction.
(B) Basal intrinsic excitability is significantly lower in L7-
PP2B mice (n = 7 versus n = 10 for controls), quantified
by slope (p = 0.002; t test) and intercept with the x axis
(p = 0.07; t test).
(C) Purkinje activity in vivo is characterized by a sharper
intersimple spike interval distribution (left) and concomitant
higher regularity of spiking (i.e., lower CV2, p < 0.001), but
the average frequencies of simple spikes and complex
spikes were normal (both p > 0.5; t test). Inset shows
sample traces.
See also Table S1.
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because exposure to a normal, nontraining paradigm for the
same duration did not result in any decrease (p = 0.83 and p =
0.90 for day 1 and day 2, respectively, ANOVA for repeated
measurements) (Figure 5G). Phase changes are minimal during
these gain adaptation paradigms (Figures S4D–S4F), but phase,
like gain, can also be adapted. In this respect, the ability of
the mutants to learn was affected in such a profound way that
they were completely unable to adapt their phase during
a long-term 5-day phase reversal training paradigm (Figure 5H).
In contrast, wild-type littermates were able to reverse their
phase toward 180 degrees in five consecutive training sessions
(fifth day, comparison among L7-PP2B mutants and wild-type
mice; p < 0.000001, ANOVA for repeated measurements).
Thus, the Purkinje cell-specific PP2B knockout mice were
moderately affected in the performance of their basic compen-
satory eye movements and markedly affected in all forms of
VOR adaptation tested.
L7-PP2B Mice Show Impaired Eyeblink Conditioning
Next, to find out whether the learning deficits in the L7-PP2B
mutants are limited to abnormalities in VOR adaptation, which
is controlled by the vestibulocerebellum, or whether they622 Neuron 67, 618–628, August 26, 2010 ª2010 Elsevier Inc.reflect a more global deficit in cerebellar motor
learning, we also subjected them to a training
paradigm that is controlled by a different region
of the cerebellum: classical conditioning of
eyeblink responses, which in mice is controlled
by lobulus simplex in the hemisphere and lobule
VI in the vermis (Van Der Giessen et al., 2008)
(for underlying circuitry see Figure 6A). The
eyeblink responses of the mice were condi-
tioned using a tone and an air puff as the con-
ditioned stimulus (CS) and unconditioned
stimulus (US), respectively (Koekkoek et al.,
2003). After four paired training sessions (T-1
to T-4), the L7-PP2B mutants showed signifi-
cantly less conditioned responses than theirwild-type littermates (comparison between L7-PP2B mice and
wild-type littermates at T4: p < 0.05, t test), while this difference
was absent during the first training session (at T1: p = 0.82, t test)
(Figures 6B and 6C). In fact, the L7-PP2B mutant mice did not
show any significant change in percentage of conditioned
eyeblink responses over consecutive days of training (e.g., T4
versus T1, p = 0.52; one way within subjects ANOVA). The timing
of the conditioned responses in the mutants was also affected in
that the average peak latency of their CS-alone responses at T4
was significantly shorter (p < 0.02; t test) than that of controls
(Figure 6C; for peaks in paired trials, see also Figure 6B). In
contrast, the kinetics of the unconditioned eyeblink responses
in the L7-PP2B mutants were indistinguishable (p > 0.4 for
onset, peak amplitude as well as velocity of UR; t test) from
those in controls (Figure 6D). Thus, our eyeblink tests showed
that the L7-PP2B mice have a specific impairment in their
conditioned responses rather than a general deficit in the motor
component of all their eyeblink responses. Together with the
VOR gain adaptation tests, we conclude that the L7-PP2B
mutants have severe deficits in hallmark features of cerebellar
learning functions: the fine-tuning of sensorimotor gains and
the fast adaptation of motor output in response to changing
behavioral needs.
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Figure 5. VOR Adaptation Is Affected in
L7-PP2B Mice
(A) Schematic drawing of the vestibulocerebellar
system. Purkinje cells (black) in the flocculus of
the vestibulocerebellum converge upon neurons
in the vestibular nuclei (VN), through which they
can influence the output of the oculomotor
neurons (OM) that drive the eye movements. The
Purkinje cells are innervated by two main inputs:
they receive vestibular and eye movement signals
through the mossy fiber-parallel fiber system
(represented by green and gray inputs), and retinal
slip and motor signals through climbing fibers
derived from the inferior olive (IO; blue). Theparallel
fibers, which all originate from the granule cells,
innervate the dendritic trees of the Purkinje cells.
VG, AOS, and PA indicate vestibular ganglion
cells, accessory optic system, and pontine areas,
respectively.
(B–D) Motor performance during the optokinetic
reflex (OKR), and the vestibulo-ocular reflex in
the light (VVOR) and the dark (VOR) revealed
moderate aberrations in L7-PP2B mice (n = 15)
compared to controls (n = 19) (for OKR, VOR as
well as VVOR p < 0.001; ANOVA for repeated
measurements).
(E and F) Motor learning in L7-PP2B mice was
severely affected; during 2 days of mismatch
training so as to either decrease (E) or increase
(F) their VOR gain the L7-PP2Bmice (n = 9) learned
significantly less than controls (n = 10) (p < 0.0002
and p < 0.000001 for gain-decrease and gain-
increase paradigm, respectively; ANOVA for
repeated measurements). Note that gain-increase
training resulted in a decrease of the gain in the
L7-PP2B mice.
(G) Without mismatch training stimuli as in (E) or
(F), no differences were observed (p = 0.83 on
day 1 and p = 0.90 on day 2; ANOVA for repeated
measurements).
(H) When the L7-PP2Bmice (n = 8) were subjected
during four consecutive days (days 2–5) to a
mismatch training paradigm aimed at reversing
the phase of their VOR, they learned significantly
less (p < 0.000001; ANOVA for repeated measure-
ments) than their controls (n = 8). On the day (day 1)
preceding this reversal protocol the animals were
subjected to the standard in-phase gain-decrease
paradigm. Error bars indicate SEM.
See also Figures S3–S5.
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Figure 6. Eyeblink Conditioning Is Impaired in
L7-PP2B Mutants
(A) Neuroanatomical circuitry involved in eyeblink condi-
tioning. Purkinje cells in the cerebellar cortex form a central
site where signal convergence of the unconditioned
stimulus (US) and conditioned stimulus (CS) takes place.
The US consists of a mild corneal air puff and the CS of
an auditory tone. US signals reach the Purkinje cells via
the inferior olive (IO) by climbing fibers, while mossy fiber
projections from the pontine area (PA) relay the CS.
Repeated paired presentation of the CS and US results
in conditioned responses (CR), during which the eyelid
closes in response to the tone.
(B) Representative traces of paired CS-US trials from an
L7-PP2B knockout (red) and a littermate control (blue)
during training sessions T2 and T4. CS onset occurs at
time 0, while US follows 325 ms later. Note that the
L7-PP2B knockout is not able to improve the timing of
the CR (left arrow), whereas the control demonstrates
a well-timed CR at T4 (right arrow).
(C) The percentage of CRs in L7-PP2B knockout mice
(n = 9) does not significantly increase over the four training
sessions (p = 0.52; t test). Instead, the control littermates
(n = 9) demonstrate a clear learning curve (p < 0.01;
t test) and at T4 they show significantly more CRs than
L7-PP2B knockouts (p < 0.05). In addition, the quality of
the CR does not improve in L7-PP2B knockout mice.
Where controls demonstrate well-timed CRs during
training session 4 (e.g., T4 versus T2, p < 0.001; t test),
L7-PP2B knockout mice do not improve their timing
(e.g., at T4 L7-PP2B versus controls, p < 0.02; t test).
(D) Kinetics of the eyelid responses are not affected in
L7-PP2B knockout mice. Onset, peak amplitude, and
velocity of the unconditioned eyelid response to the air
puff in the mutants do not differ from those of controls
(p > 0.4 in all comparisons; t test) indicating that kinetics
of the eyelid are the same for both groups.
Abbreviations: CN, cerebellar nuclei; CoN, cochlear
nucleus; FN, facial nucleus; RN, red nucleus; TN, trigem-
inal nucleus. All error bars indicate SEM.
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The current study specifically addresses the role of potentiation
of Purkinje cell activities in cerebellar motor learning. Guided by
the original ideas of Albus (1971), and Ito (2001), virtually all
previous studies that were aimed at identifying the molecular
and cellular mechanisms underlying cerebellar motor learning
focused on depression (for review, see De Zeeuw and Yeo,
2005; Ito, 2001). These studies provided supportive evidence
that kinases such as PKC (De Zeeuw et al., 1998), cGKI (Feil
et al., 2003), CaMKIV (Boyden et al., 2006), and a/bCaMKII
(Hansel et al., 2006; van Woerden et al., 2009) are essential for
both LTD at the parallel fiber to Purkinje cell synapse and motor
learning. The idea has been put forward that gain-increase
adaptations of the VOR may be mediated predominantly by
LTD, while gain-decrease adaptations may result from potentia-
tion of Purkinje cells (Boyden and Raymond, 2003). Likewise, it
has been suggested that LTD is required for the acquisition of
well-timed conditioned responses (De Zeeuw and Yeo, 2005;
Koekkoek et al., 2003; cf. Welsh et al., 2005), raising the possi-
bility that the extinction is mediated by potentiation of Purkinje
cells. This latter option is supported by the finding that the
extinction process requires activation of the GABAergic input
to the inferior olive (Medina et al., 2002), which in principle could
reduce climbing fiber activities and thereby shift the balance at
the Purkinje cell level fromdepression to potentiation (Coesmans
et al., 2004). Based on these hypotheses, one might have
expected that L7-PP2Bmice are specifically impaired in learning
VOR gain decreases and in extinction of conditioned eyeblink
responses. Instead, we observed, next to deficits in gain
decreases, profound deficits in VOR gain increases and a virtual
absence of phase reversal learning, while the acquisition of
conditioned eyeblink responses and their timing were also
affected. In fact, the acquisition of the conditioning process
was such prominently affected that there was no difference in
the number of CRs between the last and the first training session
making it impossible to estimate a potential contribution of
Purkinje cell potentiation to extinction. By comparison the
behavioral deficits of the potentiation-deficient L7-PP2B mice
exceed those of the depression-deficient kinase mutants both
during VOR adaptation and eyeblink conditioning (De Zeeuw
et al., 1998; Feil et al., 2003; Hansel et al., 2006; Koekkoek
et al., 2003). Moreover, a possible functional role for LTP at the
parallel fiber to Purkinje cell synapse in our daily motor behavior
is further supported by the finding that natural cycles may
influence this form of plasticity just like VOR adaptation itself
(Andreescu et al., 2007). Thus, Purkinje cell potentiation may
not only have been neglected over the past decades, it may
even be one of the most dominant players in cerebellar learning.
The approach of the current study has the advantage of
simultaneously tackling the two major forms of Purkinje cell
potentiation, i.e., PF-PCLTPandPC intrinsic plasticity, in a single
animal model and rendering prominent behavioral phenotypes.
At the same time, it is not possible to determine to what extent
both types of plasticity interact, and which of the two impaired
types of potentiation in the L7-PP2B mice is more relevant for
which parts of their behavioral phenotypes. Since both types
can be induced at physiologically relevant temperatures inwild-types, we expect both to contribute, but future studies will
have to segregate the two.
Although the kinetics of the unconditioned eyeblink responses
in the L7-PP2B mutants were unaffected and therefore unlikely
to have contributed to their reduced level of conditioning,
we cannot exclude the possibility that the moderate deficits
in eye-movement performance did contribute to the deficits
in VOR adaptation. However, we recently investigated other
Purkinje cell-specific mutants with comparable performance
deficits, and these mutants had no gain learning deficits (Wulff
et al., 2009). Thus, a performance deficit does not necessarily
induce a deficit in gain increase and/or gain decrease learning
per se.
The robust behavioral phenotypes in our calcineurin-deficient
mutants are in line with a recent adaptive-filter model of Porrill
and Dean (2008). This model is based on the covariance learning
rule, implicating a preponderance of silent PF synapses, which
has been experimentally observed (Chadderton et al., 2004;
Isope and Barbour, 2002). Consequently, their model suggests
that LTP is likely to initiate new motor learning, whereas LTD
depresses synapses active in the prelearning situation, a process
controlled by the climbing fiber (Dean and Porrill, 2008). This
way, the cerebellum optimizes the weight of each relevant PF
to Purkinje cell synapse given their relative amount of signal
and noise. Thus, PP2B-mediated LTP might set the appropriate
weights at the PF to Purkinje cell synapses and together with
related levels of intrinsic plasticity generate the appropriate
spatiotemporal patterns of simple spike activities that are
required for cerebellar motor learning. Such an operating
scenario could be supported by various other pre- and postsyn-
aptic forms of potentiation at the GABAergic molecular layer
interneuron to Purkinje cell synapse (Dean and Porrill, 2008;
Jo¨rntell and Ekerot, 2002) allowing temporal pattern formation
without affecting the average firing frequency (Wulff et al.,
2009). By combining optimally learned levels of potentiated
excitation and feed-forward inhibition Purkinje cells are probably
equipped with a push-pull mechanism so as to convey and
consolidate appropriately formed patterns of spikes and/or
pauses that may be read out in the cerebellar nuclei provided
that they occur coherently in ensembles of cells (De Zeeuw
et al., 2008; Gauck and Jaeger, 2000; Telgkamp and Raman,
2002; Wulff et al., 2009). We therefore suggest that potentiation
in Purkinje cells complements other forms of cerebellar plasticity
in controlling synaptic input strengths and excitability in a
dynamic manner, and that the cerebellum uses these plasticity
mechanisms to shape the spike activity patterns of the inhibitory
Purkinje cell output required for motor learning.EXPERIMENTAL PROCEDURES
Generation of L7-PP2B Mice
Mutant mice in which calcineurin was selectively deleted from Purkinje
cells (L7-PP2B mutant) were obtained using the Cre-loxP-system, with loxP
sites flanking the regulatory subunit (CNB1) of calcium/calmodulin-activated
protein phosphatase 2B (referred to as PP2B-loxP) (Zeng et al., 2001).
Mice heterozygous for PP2B-loxP were crossed with mice heterozygous for
both PP2B-loxP and the L7-Cre transgene (Barski et al., 2000). Mice of the
following genotypes (PP2B-loxP/L7-Cre) were used for the experiments:
homozygous/+ (referred to as L7-PP2B) and homozygous/, wild-type/+ andNeuron 67, 618–628, August 26, 2010 ª2010 Elsevier Inc. 625
Neuron
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with approval of the European Communities Council Directive (86/609/EEC).
Immunohistochemistry and Electron Microscopy
Immunocytochemistry of L7-PP2B was performed on free-floating 40 mm thick
frozen sections from 3- to 5-month-old mice, employing a standard avidin-
biotin-immunoperoxidase complex method (ABC, Vector Laboratories) with
PP2B as the primary antibody and diaminobenzidine (0.05%) as the chro-
mogen (Hansel et al., 2006). For electron microscopy, sections were stained
for calbindin immunocytochemistry with rabbit anti-calbindin antibody
(Swant), osmicated, embedded in Durcupan, and processed for electron
microscopy (De Zeeuw et al., 1998). Electron micrographs and other photo-
graphs were stored and analyzed using Adobe PhotoShop (San Jose, CA).
Surface areas and thickness of layers for light microscopic data were deter-
mined using Neurolucida software (Microbrightfield). For electron microscopy
16 micrographs were taken randomly in each mouse from the molecular layer
at a magnification of 19,000 and the density of parallel fiber to Purkinje cell
synapses and the morphology of the PSDs was determined using MetaVue
4.6 (Metavue Corporation).
In Vitro Electrophysiology
Sagittal slices of the cerebellar vermis of 10- to 24-week-old mice (adult) or
p16 – p21 mice (young) were kept in ACSF containing (in mM): 124 NaCl,
5 KCl, 1.25 Na2HPO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3, 20 D-glucose, and
picrotoxin (100mM), bubbledwith 95%O2and5%CO2 (all drugsare purchased
from Sigma-Aldrich, unless stated otherwise). Whole-cell patch-clamp record-
ings were performed at room temperature or physiological temperatures (as
indicated in the text) using an EPC-10 amplifier (HEKA Electronics, Germany).
The patch pipettes were filled with intracellular solution containing (inmM): 120
K-gluconate, 9 KCl, 10 KOH, 3.48 MgCl2, 4 NaCl, 10 HEPES, 4 Na2ATP, 0.4
Na3GTP, and 17.5 sucrose (pH 7.25). Test responses were evoked at a
frequency of 0.05 Hz with the use of patch pipettes filled with ACSF at 1–4 mA
for 500 ms (LTP) or 700 ms (LTD). Holding potentials in the range of 60 to
75 mV were chosen to prevent spontaneous spike activity, and cells were
switched to current-clamp mode for tetanization. PF-LTD was induced
by paired PF and CF stimulation at 1 Hz for 5 min in current-clampmode, while
PF-LTP was induced by PF stimulation alone at 1 Hz for 5 min unless indicated
otherwise (Belmeguenai and Hansel, 2005). For the experiments on intrinsic
excitability and plasticity recordings were performed in current-clamp mode,
again using an EPC-10 amplifier (HEKA Electronics). Intrinsic excitability was
monitored during the test periods by injection of brief (550 ms) depolarizing
current pulses (100–200 pA) adjusted to evoke 5–15 spikes. Intrinsic plasticity
was induced by tetanization of the Purkinje cell with 150–300 pA current pulses
at 5 Hz for 3 s. The spike count was taken as a measure of excitability. Input
resistance (Ri) was measured by injection of hyperpolarizing test currents
(200 pA; 100 ms) and was calculated from the voltage transient toward the
end of current injection. Recordings were excluded if the series or input resis-
tance varied by >15%. To test whether CF elimination was delayed in L7-PP2B
mice, we recorded CF-EPSCs in voltage-clamp mode in 10- to 24-week-old
animals, while increasing the stimulus intensity and counting the number of
all-or-none steps in the EPSC amplitude. The paired-pulse ratios at CF and
PF synapses, respectively, were examined in voltage-clampmode, by applying
stimulus pairs at varying intervals. The paired-pulse ratio was calculated as the
ratio of EPSC 2/EPSC 1. Inhibitory transmission was examined by recording
spontaneous IPSCs using an internal solution (pH 7.3) containing (in mM):
150 CsCl, 15 CsOH, 1.5 MgCl2, 0.5 EGTA, 10 HEPES, 4 Na2ATP, and
0.4 Na3GTP. Purkinje cells were voltage clamped at 70 mV at 34 ± 1C in
the presence of 10 mM NBQX (Tocris Cookson, Bristol, UK).
Calcium Imaging
Patch-clamp recordings were made from Purkinje cells as described above
with a calcium indicator dye added to the solution (Oregon Green BAPTA-2,
200 mM). After patch formation the calcium dye was allowed to passively
diffuse into the distal dendrites for a minimum of 30 min. Once the entire
dendritic tree was visible, the stimulus electrode was positioned at a remote
dendritic site to avoid congruent climbing fiber activation. To standardize
recordings between both groups, PFs were stimulated to elicit EPSCs of626 Neuron 67, 618–628, August 26, 2010 ª2010 Elsevier Inc.approximately 300 pA. Fluorescence recordings were performed using a
NeuroCCD-SMQ camera (80 3 80 pixels) and NeuroPlex software (both Red-
ShirtImaging, Decatur, GA) for data acquisition. The fluorophore was excited
using a 100W Xenon arc lamp (Cairn Research Ltd, Faversham, UK). During
the tetanus-protocol (PF-stimulation for 5 min at 1 Hz) the elicited calcium-
signals weremonitored every 20 s. Data was acquired at 2 kHz for sweep dura-
tions of 500 ms. Fluorescence changes were normalized to resting levels and
expressed as the ratio DF/F (t) = [F(t)-F]/F, where F(t) is the fluorescence value
at time t, and F is the averaged fluorescence obtained during the baseline
period preceding the stimulus application. To correct for dye-bleaching, an
exponential curve was fitted to the recording and subtracted. After acquisition,
recordings were filtered using a Gaussian low-pass filter with a cut-off at
150 Hz. The region of interest was set such that it gave the maximal response.
Eye-Movement Recordings
Mice, aged 10–26weeks, were equippedwith a pedestal under anesthesia and
investigated as described before (Hoebeek et al., 2005). In short, after recovery
the mice were placed in a restrainer and fixed onto the center of a turntable,
which was surrounded by a visual screen. The (V)VOR and OKR were evoked
by rotating the turntable and/or surroundingscreen, respectively,with anampli-
tude of 5 at different frequencies. Gain and phase learning capabilities were
studied by applying protocols for two consecutive days that were aimed either
at reducing the gain of the VOR by subjecting the mice to 53 10min periods of
sinusoidal in phase drum and table rotation at 0.6 Hz (both with an amplitude of
5) or at increasing the gain by subjecting them to out of phase drum and table
stimulation at 1.0Hz (bothwith an amplitude of 1.6). Phase reversal was tested
by applying an in phase stimulation on day 1 and subsequently reversing the
phase on days 2, 3, 4, and 5 by subjecting the animals to 5 3 10 min periods
of sinusoidal in phase drum and table rotation at 0.6 Hz, but with drum ampli-
tudes of 7.5 (days 2) and 10 (days 3, 4, and 5), while the amplitude of the turn-
table remained 5. The animals were kept in the dark in between all recording
days. A CCD camera was fixed to the turntable in order to monitor the eyes
of themice. The eyemovementswere recordedat 240Hz using an eye-tracking
device (ISCAN Inc.). Video calibrations and subsequent eye-movement
computations were performed as described previously (Hoebeek et al., 2005).
Eyeblink Conditioning
Mice, aged 11–30 weeks, were anesthetized, surgically prepared, and investi-
gated with the use of MDMT as described before (Koekkoek et al., 2003).
A magnet was glued to the lower eyelid and a GMR sensor chip was placed
over the upper eyelid such that the axis of sensitivity was aligned with the
north-south axis of the magnet. The eyelid responses of the wild-type mice
and L7-PP2B mutants were conditioned to a tone as the CS (10 kHz, gradually
increased over 25 ms to 73 dB) during daily training sessions of eight blocks of
eight trials. The blocks consisted of one US-alone trial, six paired trials, and
one CS-alone trial, and the trials were separated by a random intertrial interval
in the range of 20–40 s. In paired group, the onsets of the CS and US were
separated by an interstimulus interval of 350 ms.
Data Analyses
Off-line analyses of eye movements and eyeblink responses were performed
in Matlab (MathWorks, Natick, MA) as described before (Hoebeek et al.,
2005; Koekkoek et al., 2003). Statistical tests were performed with SPSS
13 (SPSS Inc., Chicago, IL). Data were compared using a two-tailed unpaired
Student’s t test, Mann-Whitney U-test or two-way repeated-measures
ANOVA, as appropriate. The level of significance was set at p < 0.05.
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